• Serial measurement of QSM in the motor cortex in limb-onset ALS was performed • QSM changes in the motor cortex in ALS sub-groups were investigated
MRI data for the baseline and follow-up scans were acquired using a 3-Tesla Skyra MRI (Siemens, Erlangen, Germany) equipped with a 32-channel head-and-neck coil. The protocol included a T1-weighted magnetization prepared rapid gradient echo (MPRAGE) and a T2*-weighted gradient-recalled echo (GRE). The MPRAGE acquisition was performed using the following parameters: acquisition time = 5:20 minutes, repetition time = 2300ms, echo time = 2.07ms, flip angle = 9°, field-of-view = 256mm, voxel size = 1 x 1 x 1 mm 3 , 192 slices per volume. The GRE sequence was performed with the following parameters: acquisition time = 5.27 minutes, repetition time = 30ms, echo time = 20ms, flip angle = 15°, field-of-view = 230mm, voxel size = 0.9 x 0.9 x 1.8 mm 3 , 72 slices per volume.
2.3. MRI analyses 2.3.1. QSM processing
The phase and QSM processing was carried out using STI-Suite v2.2 (https://people.eecs.berkeley.edu/~chunlei.liu/software.html). Phase and magnitude images from each channel (coil) were reconstructed offline from raw GRE k-space data. T2*-weighted magnitude images were calculated using a sumof-squares coil combination for registration purposes. Bias correction was performed using N4 from Advanced Normalisation Tools (ANTs) (Tustison et al., 2010) . Brain masks were obtained using FSL-BET (Smith, 2002) . The phase images from each coil were processed to remove phase warps using Laplacian Unwarping (voxel padding 12x12x12) (Li, Wu, & Liu, 2011; Schofield & Zhu, 2003) . Background field was removed using V-SHARP (Schweser, Deistung, Lehr, & Reichenbach, 2011; Wu, Li, Guidon, & Liu, 2012) . The processed phase images were combined using a magnitude-weighted average to produce a single-phase image. QSM calculation was then performed using the improved sparse linear equation and least-squares algorithm (iLSQR) (Li et al., 2015) . In order to remove air tissue boundary artefacts in QSM, the brain mask was eroded using a spherical kernel with 5mm radius and multiplied with QSM image. QSM values were referenced to the whole brain mean magnetic susceptibility (Straub et al., 2017) , and quantified as the mean in each Region of Interest (ROI). In order to exclude the susceptibility contributions from non-grey matter tissues, the mean QSM in each ROI was calculated including the voxels with magnetic susceptibility greater than 10ppb (Schweitzer et al., 2015) .
Region of interests (ROIs)
Subject-specific Brodmann area (BA) labels were obtained from the cortical parcellation of anatomical T1-weighted image using FreeSurfer (v6.0.0) (Fischl, 2012; Fischl et al., 2008) . Two regions of interest (ROI) were used in the analysis: BA 4 (primary motor) and BA 6 (pre-motor). FreeSurfer cortical parcellation was performed on MASSIVE (Goscinski et al., 2014) using the "recon-all" function. The ROIs were: left and right anterior primary motor cortex (BA 4a), left and right anterior primary motor cortex (BA 4p) and pre-motor motor area (BA 6). The individual
ROIs were checked and verified by an experienced neurologist (TP). 
Statistical Analyses
The ALS patients at baseline were further categorised into two groups on the basis of their individual clinical phenotype as either lumbar onset ALS or cervical onset ALS. Due to the small number of ALS patients with a followup scan, the patients with six-month follow-up scans were not categorised on the basis of clinical phenotype and were analysed as a single group. Age related effects in the QSM measures were estimated in the control participant cohort and used to correct for normal age-related changes in the ALS patient cohorts. Group differences in QSM values between the ALS clinical phenotype cohorts and the healthy control participants were examined in the primary motor and pre-motor area ROIs. To test whether QSM was increased in all limb onset ALS patients (lumbar onset, cervical onset, flail arm ALS) compared to the heathy controls a non-parametric Wilcoxon rank sum test was used with the reported p-values calculated in MATLAB using the "ranksum" function. The p-value significance level was p<0.05
Significantly increased QSM values were observed in individuals with limb-onset ALS compared to healthy controls in the left posterior primary motor cortex and right anterior primary motor cortex (Table 2 ). Increased QSM values were observed in all other motor cortex regions of limb-onset ALS participants compared to healthy controls but did not reach the level of statistical significance.
We observed an increased pattern of QSM values in the anterior primary motor area (bilateral), left posterior primary motor area and the right pre-motor area at baseline in patients with lumbar onset ALS compared to healthy controls (Table 3) together with strong effect sizes (Cohen's d) . The group differences in QSM values between the cervical onset ALS patients at baseline and the healthy controls were not statistically significant (Table 3 ). The change in QSM values in limb-onset ALS participants between baseline and six-month follow-up scans was not significant. (Table 4 ). 
Discussion
To the best of our knowledge, this is the first study to investigate motor cortex iron dysregulation in limb-onset ALS using MR-based QSM and its two clinical subtypes: lumbar onset ALS and cervical onset ALS. Our findings suggest that increased iron level can be detected significantly in the motor cortex in limb-onset ALS relative to healthy controls. We observed that individuals with lumbar onset ALS had more evidence of motor cortex iron dysregulation than cervical onset ALS relative to healthy controls. The results suggest that QSM is sensitive to ALS subtypes, and may aid as a radiological marker in clinical trials and disease diagnosis. We observed no detectable change in the iron concentration over 6 months of disease, and no significant correlation with disease duration. This may suggest that motor cortex iron dysregulation is present in the earlier stage and does not progress significantly over the course of disease in limb-onset ALS. It also provides guidance to its use as a marker of disease progression in interventional studies as to minimum observation periods (>6 months) to expect changes.
Although limited with small sample size, this is the first study to investigate serial assessment of motor cortex iron dysregulation in ALS. Given the heterogeneous presentation of ALS, our cohort was restricted to limb-onset ALS to enable a more focused exploration of the most common ALS clinical phenotype. Limb-onset ALS also has a longer duration of illness (Turner et al., 2010; Turner, Parton, Shaw, Leigh, & Al-Chalabi, 2003) such that the majority of patients were able to be rescanned at 6 months.
Iron plays a significant role as a cofactor in many regulatory enzymes involved in the cellular metabolism process occurring in the mitochondria (Kwan et al., 2012) . Due to the high metabolic activity of the brain, iron has a prominent role in the central nervous system. Iron levels in the brain have been reported to increase as part of the normal ageing process (Zecca, Youdim, Riederer, Connor, & Crichton, 2004) . However, increased iron levels have also been observed in people diagnosed with neurodegenerative disorders such as Parkinson's disease (Zecca et al., 2004) , Friedreich Ataxia (Ward et al., 2019) and Alzheimer's disease (Rouault & Cooperman, 2006) . A pathological study conducted in two ALS patients (42 and 51 years) reported increased iron accumulation in the motor cortex despite their young age (Kwan et al., 2012) . Imaging findings of the same study showed hypointense signal in the deep layers of motor cortex in 7 Tesla MRI T2*-weighted gradient echo images in both patients, suggesting that the MRI signal alterations were due to the increased iron accumulation. Our study corroborates the findings of a cross-sectional study by Lee et al. (2017) which reported significantly higher QSM in the motor cortex of ALS patients compared to healthy controls (Lee et al., 2017) . Another cross-sectional study by Costagli et al. (2016) reported significantly higher magnetic susceptibility in M1 subregions of ALS patients compared to healthy controls (Costagli et al., 2016) . They demonstrated a strong positive correlation between magnetic susceptibility and the expected concentration of iron in different cortical regions in healthy controls. The expected concentration of iron in healthy controls was calculated based on the findings of an earlier histological study (Hallgren & Sourander, 1958) . Their results were consistent with previous ex vivo findings which reported increased iron accumulation in microglial cells in the deep layers of the motor cortex (Kwan et al., 2012) . Qualitatively, the diagnostic accuracy of QSM in ALS compared to earlier MRI techniques such as T2-weighted, T2*-weighted and T2 FLAIR images has been demonstrated by Schweitzer et al. (2015) , showing significantly greater motor cortex susceptibility in motor neurone disease (MND) patients (including both ALS and primary lateral sclerosis) which was postulated to reflect increased iron accumulation (Schweitzer et al., 2015) . Primary lateral sclerosis (PLS) is a less common progressive neurodegenerative disease which is known to affect upper motor neurons (Tartaglia et al., 2007) . Our study results are consistent with these studies which indicate iron dysfunction in the motor cortex in ALS. Furthermore, the difference noted in lumbar onset ALS highlights the importance of studying subgroups of ALS as the underlying iron mediated pathological mechanisms may be different.
There are methodological considerations to the current study. QSM is a nascent method undergoing rapid development (Langkammer et al., 2018) and importantly QSM provides relative rather than absolute values of magnetic susceptibility measurements. The k-space origin of the calculated susceptibility map during the QSM reconstruction process is mathematically unconstrained. As a result, the QSM susceptibility map has an unknown offset so the susceptibility values must be referenced to a particular brain region or tissue (Deistung, Schweser, & Reichenbach, 2017) . In this study, the QSM values reported were referenced to whole brain mean susceptibility value rather than the susceptibility of specific anatomical region, in order to minimize any potential biases that may result from disease related susceptibility changes in a specific reference region. However, it is unknown whether the whole brain mean appreciably changes longitudinally in ALS and any such change may obscure the findings of this study. The QSM values between studies may also differ depending upon the methods and parameters used for phase processing, as well as the magnetic field strength, imaging protocols and equipment used for MRI data acquisition. These factors can impact on the QSM values between different published studies but do not have any impact on the significance of group difference and longitudinal changes within a single study. Further developments towards protocol and processing standardization may mitigate these factors and improve the reliability of QSM analyses from multi-center studies.
The current study has several limitations. The study was conducted in relatively small sized cohorts of patients with clinical possible, probable or definite limb-onset ALS. Follow-up MRI data was available for only nine out of thirteen patients. Whilst larger sample sizes would contribute to higher statistical power for between group analyses, the rarity and rapid progression of the disease make large cohort studies difficult. For the longitudinal analysis, MRI data was available for two time points with a relatively short duration of six-month between the scans. Although we chose to study only limb-onset ALS, the cohort was still heterogeneous with respect to disease stages disease duration and clinical symptoms of ALS. Future longitudinal studies over a longer time span are needed to examine the trajectory of iron accumulation in ALS, although unfortunately such studies will be limited by the short prognosis in most patients with ALS and the concomitant difficulty of lying flat in the MRI scanner as the disease progresses.
Conclusion
This study demonstrates the efficacy of QSM to detect iron concentration differences in the motor cortex of individuals with limb-onset ALS. The results suggest that iron levels are significantly increased in the primary motor cortex in limb-onset ALS relative to healthy controls, and the changes may not show significant progression over a six-month period. Increased iron concentration was also pronounced in the pre-motor areas in ALS patients compared to healthy controls. Individuals with lumbar onset ALS had more evidence of motor cortex iron dysregulation than individuals with cervical onset relative to healthy controls. Analysis of iron concentration can provide meaningful insight of the pathological process of ALS. Future longitudinal studies with multiple scans, performed over longer period in a larger cohort, grouped on the basis of disease stage, severity, clinical presentations and phenotypes are required to further explore the role of iron in the degeneration process.
Supplementary materials
Estimation and correction for age related changes in QSM Age related effects in the QSM measures were estimated in the control participant cohort and used to correct for normal age related changes in the ALS patient cohorts.
Age corrected QSM = Uncorrected QSM− b × (Age − mean age), where b is the slope of a regression and mean age is the mean age of healthy controls.
b is calculated using linear regression in SPSS, choosing uncorrected QSM of healthy controls for each ROI as dependent variable and age of the heathy controls as independent variable. The unstandardized B is the value for b. 
Statistics for clinical correlation

